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1.  Objectives  and  Accomplishments 

The  main  objective  of  this  program  that  was  funded  in  conjunction  with  the 
AFOSR  F49620-94-1-0171  parent  program  was  the  development  of  a  smart-pixel 
technology  capable  of  interfacing  parallel  optical  memories  via  massively  parallel  optical 
interconnects  to  computing  systems  at  high  speeds.  To  this  end  we  have  developed  a 
monolithic  smart  pixels  technology  integrating  MQW  modulators,  and  detectors 
operating  at  1.06pm  wavelength  with  high  speed  MODFETs.  OE  Chips  fabricated  with 
this  technology  can  be  easily  integrated  via  flip-chip  bonding  with  silicon  CMOS  chips. 
During  this  AASERT  program,  we  have  carried  out  the  fabrication  and  evaluation  of  high 
speed  receiver  circuits  implemented  with  this  technology.  To  demonstrate  the 
applicability  of  this  technology  we  have  implemented  a  transimpedance  receiver  circuit 
providing  a  bandwidth  of  9GHz  and  an  8x8  III-V  active-pixel  sensor  array  with  285  MHz 
operation.  In  the  following  we  present  a  complete  characterization  of  this  smart  pixel 
technology,  including  the  S-  and  Y-parameters  extraction  for  the  typical  devices 
implemented  by  this  technology. 

2.  Monolithic  integration  of  III-V  OE  circuits  and  Their  Performance 

2.1  Monolithic  integration  technique 

The  objective  of  the  work  was  to  develop  small-scale  integration  of  high-speed 
III-V  optoelectronic  devices  and  then  flip-chip  bond  them  to  silicon-VLSI  circuitry.  The 
monolithic  integration  technique  that  we  developed  for  Smart  Pixels  integration  is  based 
on  InAlGaAs/InGaAs  MQW  materials  on  GaAs  substrates. 

For  optical  I/O  we  used  InAlGaAs/InGaAs  MQW  light  modulators  operating 
around  1 .06  pm  wavelength.  Since  GaAs  substrates  are  transparent  at  this  wavelength, 
the  integrated  III-V  circuits  can  be  flip-chip  bonded  to  silicon  VLSI  chips  without 
removing  the  GaAs  substrate.  The  lattice  mismatch  between  the  InAlGaAs/InGaAs 
MQWs  and  the  GaAs  substrate  was  accommodated  by  the  insertion  of  compositionally 
step-graded  InAlGaAs  buffer  layers  with  increasing  indium  composition.  In  this  material 
system,  we  are  also  able  to  use  InGaAs  with  high  indium  content  in  the  FET  channel  to 
enhance  the  electronic  device  performance.  Figure  1  shows  the  material  layer  structure.  It 
is  designed  such  that  a  modulation-doped  FET  channel  is  inserted  into  the  n-contact  layer 
of  a  MQW  PIN  device;  the  structure  permits  the  fabrication  of  both  devices  from  the 
same  epitaxial  layers.  Both  enhancement-mode  and  depletion-mode  MODFETs  have 
been  fabricated  using  the  same  epitaxial  layers.  The  use  of  enhancement-mode  and 
depletion-mode  devices  allows  the  design  of  low-power  logic  circuits  for  optoelectronic 
applications. 

2.2  DC  characteristics 

The  devices  were  characterized  using  different  size  enhancement  and  depletion 
mode  FET  structures.  The  DC  measurements  included  I-V,  gate  current  and  gm 
measurements.  Figure  2  and  3  show  the  measured  DC  characteristics  for  a  double 
heterostructure  silicon  delta-doped  InAlAs/InGaAs  pseudomorphic  HEMTs.  Fairly  large 
transconductance  near  400  mS/mm  were  measured  for  the  enhancement-mode  devices 
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and  over  300  mS/mm  for  the  depletion-mode  devices.  The  maximum  current  density  was 
approximately  300  mA/mm  for  the  device. 
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Figure  1:  Material  structure  for  an  integrated  MODFET  and  MQW  pin  modulator/detector 

One  of  the  concerns  in  III-V  MESFET  and  MODFET  technology  is  the  gate 
leakage  which  occur  under  reverse  and  forward  bias  conditions.  With  the  use  of  the  large 
bandgap  quasi-insulator  Ino.25Alo.75As  these  effects  are  significantly  reduced.  For  some  of 
the  enhancement-mode  Ino.25Alo.75As/Ino.25Gao.75 As  MODFETs,  gate-source  voltages  of 
up  to  1 .25  V  could  be  applied  without  significant  gate  leakage.  In  addition,  excellent 
reverse  gate  drain  diode  characteristics  were  measured  and  are  plotted  in  Figure  4.  The 
gate  drain  breakdown  was  over  20  V  if  one  specifies  the  breakdown  current  density  to  be 
10  pA/pm. 


Figure  2:  Drain  I-V  characteristics  for  a  1 .0x50  pm2  enhancement-mode 
Ino.25Alo.75As/Ino.25Gao.75As  MODFET 
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Figure  3:  gm  and  Ids  as  functions  of  Vgs  for  a  1.0  x  50  urn2  Ino.25Alo.75As/Ino.25Gao.75 As 
MODFET 


Figure  4:  Igd  as  functions  of  Vgd  for  a  1 .0  x  50  um2  Ino.25Alo  75As/Ino.25Gao.75As  MODFET 

2.3  RF  parameter  extraction 

2.3.1  MODFETs 

Many  different  small-signal  circuit  topologies  can  be  used  for  modeling  the 
properties  of  FETs.  Though  the  extrinsic  parasitic  elements  may  slightly  differ  in  their 
placement  in  the  equivalent  circuit,  the  intrinsic  transistor  model  is  usually  the  same.  The 
general  description  of  the  small  circuit  equivalent  circuit  is  shown  in  Figure  5.  A  unique 
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feature  of  the  material  layer  structure  used  in  this  technology  is  that  there  is  an  underlying 
p-layer  to  raise  the  electron  potential  from  the  substrate  side  so  that  the  electrons  are 
confined  in  the  channel  region.  To  account  for  this  feature,  the  drain-source  capacitor 
(CDs)  is  modified  as  shown  in  Figure  6. 


Figure  5:  Equivalent  circuit  representation  of  a  FET 


Figure  6:  Modified  small  signal  representation  to  account  for  underlying  p-layer 

The  extrinsic  elements  were  first  determined  by  using  transmission  line  model  for 
the  resistances  and  inductances  and  the  FETs  pinched-off  for  capacitances.  The  results 
are  summarized  in  Table  1.  The  S-parameters  were  measured  at  various  bias  points  across 
the  different  regions  of  operation  for  the  FETs  from  0.5  to  26GHz.  S-parameter 
measurements  and  curve  fitting  then  determined  the  intrinsic  parameters.  Table  2 
summarizes  the  intrinsic  parameters  and  Figure  7  includes  the  Sn  and  S22  smith  chart. 


Table  1 :  Summary  of  extrinsic  parameters 
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Table  2:  Summary  of  intrinsic  parameters  (Vgs  -  0.5  V,  Vds  -  1  -5  V)  for  a  1 .0x50  urn" 
Ino.25Alo.75As/Ino.25G30.75As  MODFET 


Cgs 

(IF) 

Cgd 

(fF) 

Cos 

(IF) 

Rp 

(fl) 

Ri 

(fl) 

9m 

(S) 

9ds 

(S) 

X 

(psec) 

138.19 

1.01 

38.20 

60.70 

9.42 

2.40E-02 

5.41  E-04 

2.15 

The  unity  current  gain  frequency  (ff),  a  common  figure  of  merit,  is  27GHz  based 
on  our  measurement  results.  In  summary,  the  device  demonstrates  good  performance 
despite  the  buried  p-layer  underneath  the  FET.  Parasitic  capacitance  is  fairly  small 
because  of  the  separation  of  p-layer  to  the  modulation-doped  channel. 

2.3.2  PIN  diodes 

The  pin  structures  were  modeled  with  inductance  and  capacitance  associated  with 
the  microwave  pads  and  the  common  representation  of  a  PIN  diode  shown  in  Figure  8. 
Table  3  lists  the  extracted  parameters  for  two  types  of  modulator  structures.  The  M50A  is 
an  approximately  50x50  pm2  pin  structure  whereas  the  M22B  is  a  much  smaller  22x22 
pm2  structure.  In  general,  for  the  pin  structures,  the  depletion  capacitance  scaled 


Figure  7:  Sn  and  S22  smith  chart  of  MODFET  (measurements  and  data  fitting)  ' 

directly  with  area.  Also,  the  series  resistance  for  the  pin  structures  increased  as  the  device 
size  shrank  due  to  the  decreasing  ohmic  contact  areas.  However,  in  this  particular  case 
the  M22B  was  a  device  that  was  entirely  surrounded  by  the  p-contact,  whereas  the  M50A 
only  had  three  sides  of  the  mesa  that  had  ohmic  contact  to  the  p-layer. 
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Figure  8:  Equivalent  circuit  representation  of  a  PIN  diode 


Table  3:  Model  parameters  for  two  types  of  photodiode  structures 


mm 
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The  3-dB  bandwidth,  f.3dB,  is  calculated  from  Rs  and  Cdep  taking  into  account  the 
influence  of  the  large  microwave  pad  parasitics.  The  reduction  of  the  depletion 
capacitance  by  scaling  the  devices  to  smaller  dimensions  increased  the  bandwidth 
significantly.  Also,  from  the  graph,  one  can  observe  the  large  impact  of  series  resistance 
on  the  bandwidth.  Two  sets  of  data  from  two  different  samples  are  shown  in  the  figure 
below  (Figure  9)  where  Rs  varied  by  a  factor  of  two.  This  effect  was  primarily  due  to  the 
series  resistance  of  the  p  layer  and  the  p  ohmic  contact  that  dominated  Rs- 
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Figure  9:  3-dB  bandwidth  versus  photodiode  area  from  various  fabricated  diode  structures 
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2.4  Transimpedance  receiver 

The  receiver  circuit  was  based  on  a  transimpedance  amplifier  design  shown  in 
Figure  10.  The  first  stage  is  a  transimpedance  stage  with  a  common  source  stage  buffered 
by  a  source  follower  stage  and  an  adjustable  FET  providing  resistive  feedback  to  the 
input.  This  first  stage  provides  conversion  of  the  photocurrent  generated  in  the 
photodiode  into  a  voltage  that  is  amplified  by  the  preceding  common-source  stage.  The 
output  is  further  amplified  further  by  two  more  source  follower  stages  which  level  shift 
and  reduce  the  output  resitance  so  that  a  50-ohm  output  can  be  easily  driven.  Note  the 
distinction  between  enhancement  mode  devices  (black)  and  depletion  mode  devices 
(shaded)  facilitated  by  our  fabrication  approach.. 

Varying  the  feedback  resistance  (via  VFb)  affects  the  transimpedance  gain  of  the 
circuit  as  well  as  the  bandwidth.  The  graph  in  Figure  10  illustrates  the  effects  of  various 
feedback  resistances  on  the  output  characteristics  of  the  transimpedance  stage  with  the 
larger  resistance  reducing  the  required  optical  power.  Figure  1 1  shows  the  closed  loop 
transfer  characteristics  of  the  circuit  measured  under  DC  conditions.  The  resistance  is 
estimated  from  scaling  a  larger  depletion  device.  Differences  between  the  response  of  the 
simulated  and  measured  circuits  lies  in  the  fact  that  the  fabrication  results  varied  from 
sample  to  sample  and  in  between  processing  steps.  Our  device  characteristics  exhibited  a 
very  large  standard  deviation  due  to  the  limitations  imposed  by  our  wafer  quality  and 
uniformity  achieved  during  various  micro-fabrication  processes.  The  average  depletion 
devices  exhibited  a  gm  ~  210mS/mm.  An  over  etch  of  the  depletion  mode  devices  resulted 
in  a  threshold  that  was  near  -0.5  V.  much  more  enhancement  than  previous  devices.  In 
addition,  the  circuits  were  biased  at  Vdd  “2.0  V  limited  by  avalanche  breakdown. 


-Vbias  Vdd 


Figure  10:  Transimpedance  receiver  circuit 
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Figure  1 1  a)  Simulated  closed  loop  characteristics  of  the  receiver  circuit  for  various  feedback 
resistance,  b)  Measured  closed  loop  characteristics  of  the  receiver  circuit 

The  high-frequency  performance  of  the  receiver  was  measured  using  a  digital  laser 
source  at  850nm  with  a  bandwidth  of  1  GHz.  This  laser  module  was  driven  by  a  HP  high- 
frequency  digital  source  with  a  bandwidth  of  3  GHz.  The  measured  receiver  output  was 
fairly  constant  till  1GHz  where  the  measured  output  signal  started  to  drop  significantly. 
This  happened  for  all  the  feedback  voltages  indicating  the  limiting  bandwidth  was  that  of 
the  driver  laser  diode.  However,  the  output  would  follow  the  input  modulation  up  to  2.5 
GHz  despite  the  shrinking  waveform.  Figure  12  is  the  transient  response  of  the  receiver  at 
1GHz. 


Figure  12:  Receiver  circuit  transient  response  at  1  GHz 

To  estimate  the  bandwidth  of  the  transimpedance  receiver,  we  used  the  extracted 
device  parameters  and  the  the  transfer  function 
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The  corresponding  equivalent  circuit  shown  in  Figure  13  was  used  to  extract  device 
parameters.  The  large  dc  gain,  A  ~  gm/g0,  of  the  common-source  circuit  is  approximately 
30  to  40  primarily  because  of  the  low  output  conductance  of  these  MODFETs.  The  input 
capacitance,  Qn,  of  the  common  source  amplifier  in  the  transimpedance  stage  is 
estimated  to  be  about  60fF  from  the  gate  source  capacitance  and  the  miller  effect 
capacitance.  The  photodiode  depletion  capacitance,  Cd,  for  a  20x20pm  device  is 
approximately  80fF.  The  feedback  capacitance  is  dependent  on  the  drain-source 
capacitance  of  the  tunable  5pm  MODFET  which  is  approximately  4.3fF.  Thus,  for  a 
transimpedance  (feedback  resistance)  in  the  low  kilo-ohm  range  the  bandwidth  would  be 
in  the  5  to  9  GHz  range. 


Figure  13  Equivalent  circuit  representation  of  a  transimpedance  amplifier 


3.  Summary 

In  this  program,  a  complete  characterization  of  a  monolithic  optoelectronic  array 
technology  has  been  carried  out.  RF  performance  of  the  typical  devices  fabricated  using 
this  technology  has  been  evaluated  based  on  the  s-parameter  extraction  from  the  devices. 
The  measured  bandwidth  of  the  devices  was  around  9GHz.  These  devices  led  to  the 
operation  of  a  a  transimpedance  receiver  circuit  which  exhibited  a  bandwidth  of  at  least 
1GHz  limited  by  our  measurement  tools. 
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